Lymphoproliferative responses against a preparation of Eimeria bovis antigens (EBAg) were measured in E. bovis-immune and naive animals. Optimal lymphocyte responsiveness could be measured after 7 days of culture in the presence of antigen at a cell concentration of 2 x 105 cells per well. The specificity of the reaction was confirmed by limiting dilution analysis. Whereas immune peripheral blood mononuclear cells responded to EBAg (f = 1/18,824), naive cells did not (f = 0). The helper function of cells proliferating in response to EBAg was investigated by raising T-cell lines and a clonal population derived from a line. The T-cell line showed an enhanced reactivity to EBAg by limiting dilution analysis (f = 1/256) and was interleukin-2 dependent. Limiting dilution analyses indicated at least two populations of cells: one that was interleukin-2 restricted and antigen dependent and another that was antigen independent. Supernatants from T-cell lines and the clone were analyzed for the production of lymphokines after antigen stimulation. Minimal amounts of interleukin-2 were produced. The T-cell line produced both gamma interferon (IFN--y) (750 U) and IFN-ot (1,250 U), whereas the clone produced IFN--y (1,250 U) only. Short-term (4-day) stimulation of immune cells by EBAg induced the production of IFN--y (600 U) and a non-IFN macrophage-activating lymphokine. We conclude that this macrophage-activating lymphokine is only produced after short-term culture and that further culture of T cells results in the proliferation of other clones producing other factors (such as IFN).
Infection of animals or humans with coccidian parasites results in immunity against subsequent lethal challenge with the same species. Resistance to coccidian parasites, including Eimeria species and Toxoplasma gondii, is predominantly cell mediated, and specifically committed T lymphocytes or soluble mediators (lymphokines) appear to play an essential role in the control of infection (1, 11) . Recently, we described the existence of a lymphokine, produced by concanavalin A (ConA)-stimulated T lymphocytes from Eimeria bovis-immune cattle (9, 19) , that is capable of inducing microbistatic function in naive murine macrophages (9) or a putative bovine monocyte cell line (9, 19) . This macrophageactivating lymphokine does not seem to share the same biological properties as gamma interferon (IFN-y) or granulocyte-macrophage colony-stimulating factor (9) , both of which have microbistatic effects against protozoan parasites (13, 17) .
The kinetics of antibody responses in calves infected with Eimeria species have been partially characterized (14) (W. M. Whitmire, personal communication), and the antigenic profiles of E. bovis sporozoites and merozoites have been at least partially characterized (18) . However, nothing is known regarding the T-cell response of bovine lymphocytes or their resultant function. This study was designed to assess how animals reacted after primary infection with E. bovis and whether any cellular response resulted in helper T-cell function. We have started by analyzing a crude preparation of E. bovis sporulated oocysts. Later reports will define further those antigens that elicit a cellular response.
MATERIALS AND METHODS
Parasites and antigens. E. bovis oocysts were separated from feces by sugar flotation, sporulated in aqueous 2.5% K2Cr2O7 (9, 18) , and stored at 4°C for not more than 5 months before use. Soluble antigen from E. bovis oocysts (EBAg) was prepared essentially as described before (6, 7) . Oocysts were vigorously mixed with glass beads for 20 min until all oocysts, sporocysts, and sporozoites were destroyed. The homogenate was centrifuged at 600 x g (10 min), and the supernatant was aspirated and further centrifuged at 11 ,000 x g (10 min). The resulting supernatant was sterile filtered (0.22-p.m-pore-size filter) and dialyzed against RPMI 1640 medium. Concentrations of EBAg are defined in terms of the number of sporozoites used to make the solution; i.e., a concentration of 103 ml-' would be equivalent to having 103 sporozoites per ml; 2 x 107 EBAg units gave a protein concentration of approximately 1 mg ml-' (12) .
T. gondii (RH strain; originally obtained from Milford N. Lunde, National Institutes of Health) was grown in continuous culture by using a bovine monocyte cell line as the host (8) .
Lymphocyte preparation. Two-month-old Holstein-Friesian bull calves were infected with E. bovis oocysts as described previously (9, 19) . Preliminary work showed that they were refractory to reinfection 28 days after shedding oocysts. These animals were therefore defined as immune and were used as a source of antigen-reactive lymphocytes. Controls comprised age-and sex-matched naive animals with no evidence of infection. Blood was taken aseptically into heparinized Vacutainer tubes and diluted 1:2 in Hanks balanced salt solution, and 25 ml was overlaid on 15 ml of histopaque (Sigma Chemical Co). After centrifugation (600 x g, 35 min), peripheral blood mononuclear cells (PBMC) were aspirated from the interface, washed twice in Hanks balanced salt solution, and suspended at the desired concen-LYMPHOCYTE RESPONSES TO E. BOVIS ANTIGENS tration in RPMI 1640 medium supplemented with glutamine (20 mmol), penicillin (100 U ml-'), streptomycin (100 ,ug ml-'), and fetal bovine serum to a concentration of 10% (RPMI-FBS). PBMC were T cell enriched by passage down a column of nylon wool (10) . In some experiments, interleukin-2 (IL-2)-dependent, activated T cells were purified by centrifugation over a discontinuous Percoll gradient. The following concentrations (in RPMI-FBS) of Percoll were overlaid in a 15-ml centrifuge tube: 40% (5 ml), 35% (1.5 ml), 31.3% (2.5 ml), 26% (2.5 ml). PBMC in RPMI-FBS (1.5 ml) were added to the gradient. After centrifugation at 600 x g for 30 min, activated (i.e., IL-2-dependent) lymphocytes could be drawn off from the interface of the second and third layers. Feeder cells were prepared from isolated PBMC (above) and then incubated at 2 x 106 ml-l with 25 ,ug of mitomycin C per ml. After cells were washed four times in RPMI-FBS, they were then plated out at 2 x 105 to 4 x 105 ml-'.
Lymphocyte transformation. Lymphocyte transformation experiments were carried out essentially as described before (6, 7) . PBMC were prepared and incubated at 1 x 106 or 2 x 106 ml-1 in the presence of EBAg or mitogen (ConA). Production of microbistatic lymphokines. Lymphokines capable of activating macrophages to kill or inhibit the growth of intracellular parasites were present in the supernatants of bovine PBMC (2 x 106 cells ml-') cultures after 3 days of incubation with ConA (5 p.g ml-') (19) . These supernatants were used as a source of crude activating factor, against which other preparations from antigen-activated cultures were tested.
Limiting dilution analysis. Limiting dilution analysis was carried out essentially as described by others (4, 21) . Re- sponder cells (10 x 105 to 2 x i05 well-') were plated into 96-well U-form culture plates in 100 pul of RPMI-FBS with 12 to 96 replicates per responder number. Spontaneous IL-2-or antigen-induced proliferation was assessed in wells containing 2.5 x 104 autologous mitomycin-C-treated PBMC in a total volume of 200 p.l. Plates were cultured for 3 days to determine IL-2-induced proliferative precursor frequencies and for 10 days to determine antigen-induced proliferative precursor frequencies. Previous studies had established that extension of incubation time did not influence estimates of frequencies but increased quantitative differences between positive and negative wells. Microcultures of responder cells or feeder cells cultured alone served as background controls. Proliferation was assessed after an 18-h pulse with [3H]TdR (0.5 puCi well-') at the end of the 3-or 10-day incubation period. Cultures were harvested onto glass fiber filters, and radioactivity was measured by ,-spectroscopy.
Assessment of results. Test wells were considered positive when values exceeded the mean control value by three standard deviations. Linear regression analysis of the number of responders plated against log percent wells negative yielded the line equation from which the minimal estimate of frequencies could be calculated as that number of cells plated corresponding to 37% negative wells. The significance of the difference between the lines for the same experiment was calculated as described by Taswell (20) .
Microbicidal assays. The bovine monocyte cell line M617 (9, 19) was used as a source of host cells. M617 cells were routinely maintained in RPMI-FBS containing 10-5 M 2-mercaptoethanol (9, 19) . Inhibition of parasite development or multiplication in M617 was assessed visually and by the uptake of [3H]uracil by T. gondii. This is proven as a good model for microbistatic activity (9) . M617 monolayers in 96-well cluster trays were treated with supernatants known to contain activating factors or unknown lymphokine preparations from T-cell lines (TCL) or clones. After inoculation with 104 RH strain tachyzoites of T. gondii in 100 p.l of RPMI-FBS, plates were incubated for 24 h at 37°C, pulsed for 18 h with 0.5 ,uCi of [3H]uracil (specific activity, 41 Ci/mmol; New England Nuclear Corp.), and harvested, and the uptake of uracil was assessed by ,-spectroscopy. Growth of parasites was also assessed visually (9) and in all cases agreed with uptake of [3H]uracil, unless otherwise stated. Growth of E. bovis was assessed by using Giemsastained, sporozoite-infected M617 monolayers and by the uptake of [3H]uracil (9, 19 dialysis against phosphate-buffered saline (twice) and RPMI 1640. After dialysis, all samples were sterile filtered (0.22-,um-pore-size filter). The plaque reduction assay for IFN was carried out exactly as described previously (2) . Briefly, Madin-Darby bovine kidney (MDBK) cells were plated in flat-bottomed, 96-well cluster trays at 3 x 104 cells per well. Serial dilutions of test supernatant or human IFN--y standard were added to each well. After 24 h of incubation at 37°C, medium was removed, and a thawed sample of vesicular stomatitis virus (previously quantified) was diluted so that each well would receive 3 to 3.5 infectious particles in 100 ,ul. After 1 h of incubation at 37°C, unattached virus was removed, and each well was overlaid with 100 p.1 of 0.25% agarose in medium. After further incubation (up to 40 h), agarose was removed, wells were stained with crystal violet, stain was removed, and plaques were counted. IFN activity was calculated by established formulae (2) .
Bovine TCL and clones. Bovine TCLs and clones were initiated and cultured essentially as described previously for the establishment of human TCL or clones (3). PBMC were isolated from the peripheral blood of a bull calf that was known to have excellent T-cell responses to EBAg in vitro. PBMC were cultured in RPMI-FBS containing 2-mercaptoethanol and the optimal concentration of EBAg in 24-well cluster trays ( " EBAg responses in both TCL and PBMC are either optimal or supraoptimal when compared with responses from PBMC. Decreased reaction to EBAg by control cells is due to the specificity of the reaction rather than lack of responsiveness by control PBMC. As negative cells gave little or no reaction after 7 days compared with that after 5 days of incubation, this time period was chosen. same or better in the TCL compared with that in immune lymphocytes (Fig. 2) . This indicates that optimal responses were occurring in both instances, particularly since the mean [3H]TdR incorporation was as good as or better than that of cells stimulated by ConA (Table 1) . These data were transformed into straight-line plots of log percent wells negative against the number of cells plated. Lines intercepted the y axis at approximately 100, and minimal estimates of limiting frequency of EBAg-responsive cells were 1/249 in TCL and 1/18,824 in PBMC (Fig. 3) . There was no measurable response by allogeneic (negative) PBMC (Fig. 3) (full data not shown). There was no significant difference between the control groups (P > 0.05), and the mean counts per minute of the three pooled groups was 452 + 348, which gave a positive threshold of 1,496 cpm (mean + 3 standard deviations).
Proliferative frequency of response to IL-2. Lymphocytes from TCL or PBMC were plated out as described above in medium containing optimal amounts of IL-2 with x-methyl mannoside to block any exogenous ConA activity. Increasing the number of responders resulted in a greater proportion of positive cultures (Fig. 4) . At high density, cells from TCL showed a decreased incorporation of [3H]TdR, presumably due to overcrowding and utilization of available IL-2 before the assay had come to completion. Control cultures were not significantly different from each other (P > 0.05) and gave a positive threshold (mean + 3 standard deviations) of 1,506 cpm (Fig. 4) . After transformation of data to linear plots (Fig. 5) , the frequency of cells from TCL that responded to IL-2 was estimated as 1/50, whereas from PBMC it was estimated that only 1 \~~~~~~~~~~~~TCL and clonal populations resulted in the production of 5 U i,\~~~~~~~~~~~of IL-2 ml-l (Table 2) .
Lymphocytes were tested for their ability to produce O -\~~~~~~~~~~~~macrophage-activating lymphokines (Fig. 6) also resulted in decreased uptake of uracil to levels similar to that of ConA-stimulated cells (Fig. 6) . Significantly, TCL and a cloned population (Fig. 6 ) both induced killing, although not to the same extent as either ConA or EBAg. After dialysis against a glycine hydrochloride buffer (pH 2), microbicidal lymphokines produced by ConA-stimulated lymphocytes were stable, consistent with data previously reported (9) . Lymphokines produced from a 4-day EBAg stimulation of PBMC were only partially stable at pH 2, and those from the TCL and clone appeared to be totally labile at pH 2 (Fig. 6) . When E. bovis was used as the infective agent in the microbicidal assay, similar results were obtained. Supernatants from both ConA-stimulated and EBAg (4 days)-stimulated lymphocytes both induced effective inhibition of meront development. Those from the TCL and clone only inhibited growth to a degree, and only supernatants from ConA-or EBAg (4 days)-stimulated cultures were stable at pH 2 to any degree. Human recombinant IFN- " See footnote c of Table 2 . "'-f Cells from the TCL or clone were stimulated with antigen after 2 months of culture for 5 days between passages with IL-2.
v MDBK in culture medium alone.
y stimulated M617 cells to inhibit the growth of E. boi'is and T. gondii to a lesser extent ( Table 3) . Production of IFNs. The ability of supernatants to inhibit viral growth in MDBK cells was assessed by using human IFN as a standard (Table 4 ). The TCL produced the most IFN (2,000 U ml-'), the majority of which appeared to be acid stable. The clone produced acid-labile IFN, and the 4-day stimulation with EBAg produced relatively little IFN of either type ( (6, 7, 22) and can induce nonspecific cellular immune reactions (5). Limiting dilution analysis of IL-2-responsive cells showed that the TCL was largely IL-2 dependent, with a minimal estimate of 1/50. The results from limiting dilution analysis indicate that, whereas the line was almost totally IL-2 dependent, it did not uniformly respond to antigen. This is consistent with studies in other systems, which have shown the activation or proliferation of unrestricted cells after stimulation of PBMC (e.g., NK cells) (1, 5) . It is possible that similar events are happening after EBAg stimulation, although while there is neither an adequate NK assay nor phenotypic markers for bovine lymphocytes, this hypothesis cannot adequately be tested.
Previously, we described the possible existence of a non-IFN, non-granulocyte-macrophage colony-stimulating factor microbicide-inducing activating factor from supernatants of ConA-stimulated T lymphocytes with an adapted T. gondii killing assay (9, 19) . The TCL and clone under investigation were tested for their ability to release lymphokines with macrophage-activating potential as well as IL-2 (Table 5) . In all cases, EBAg stimulation did not induce the production of significant amounts of IL-2. IFN (as measured with a vesicular stomatitis virus plaque inhibition assay) was produced in large quantities by the TCL and clone but in relatively small quantities by a short-term incubation period with EBAg. The TCL produced both acid-labile and acidstable IFN, whereas the clone only produced acid-labile IFN (IFN--y) . When assayed for microbistatic function in a Toxoplasma killing assay, it appeared that only ConA induced production of large amounts of acid-stable (non-IFN) microbistatic lymphokine (9). Short-term (4-day) incubation of PBMC appeared to produce only a limited amount of this acid-stable lymphokine. Lymphokines from the TCL and clone both had similar microbistatic activities. Native lymphokine appeared to have some microbistatic function, although this was reduced to zero after pH 2 treatment. These results indicate that this activity is due to the action of IFN-y rather than any non-IFN lymphokine, particularly since IFN--y does not totally inhibit Toxoplasma replication (Fig. 6 ).
It appears that EBAg induces the proliferation of T lymphocytes producing non-IFN microbistatic lymphokines but only in short-term cultures. After this period, the generation of other factors occurs, including increased production of IFNs. We are investigating the production of lymphokines by preparations of EBAg antigens separated by chromatography and how the outgrowth of clones producing non-IFN lymphokines can be prevented by either cloning early or presenting only those antigens that induce the required function. These results do demonstrate that the non-IFN lymphokine can be produced after antigen stimulation and that its production is not limited to mitogen-driven systems (9, 19) .
